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1Chapter 1
Controlling Molecular Chirality and Motion
In this introductory chapter a literature overview of the various reported methods to control
molecular chirality and motion is given. Focussing on the approaches followed in the
research described in this thesis, the principles and applicability of chiral molecular switches
is illustrated. In the second part of this chapter different aspects of molecular motion are
discussed with a focus on intramolecular rotation. Finally the main goals of the currently
presented research are given.*
                                               
*
 This chapter is partly based on the following reviews: a) B.L. Feringa, R.A. van Delden, Angew.
Chem. Int. Ed. 1999, 38, 3418; b) B.L. Feringa, R.A. van Delden, N. Koumura, E.M. Geertsema,
Chem. Rev. 2000, 100, 1789; c) B.L. Feringa, R.A. van Delden, M.K.J. ter Wiel in Chiroptical




Most confrontations with chirality (Greek, χειρ = hand) in daily life, like shaking hands or
tightening a screw, go unnoticed. Although symmetry is generally associated with beauty also
asymmetric or chiral shapes, for example a helix or spiral are appealing. In science, chirality
is a very important property, in particular in the light of the biomolecular homochirality
found on earth. It is generally accepted that homochirality of its essential molecules is one of
the most fundamental aspects of life on the earth.1 The sugars like deoxyribose and ribose in
DNA and RNA that contain and transfer the genetic information are all right-handed2 and all
proteins that are essential for the structure and chemical transformations in cells consists of
chiral α-amino acids with the same relative configuration. Without uniform chirality in the
monomeric units that build the biopolymers, the enzymes that catalyze the chemical
conversions in the organism and the numerous chiral compounds that are involved in
recognition or information processing, like the hormones, current life forms could not exist.
Supramolecular chirality and the information content associated with the DNA helix or the α-
helix of proteins plays an essential role in the functioning of all known living organisms on
earth.
As a result of the homochirality of biomolecules on the earth, chirality plays an essential role
in biochemical science. In numerous aspects of the functioning of organisms, chirality is a
decisive factor. Not surprisingly, as a consequence, chirality also plays an important role in
the pharmaceutical industry. As is well known, due to the chirality present in the enzymes,
receptors and genetic materials of organisms including humans, these organisms usually react
very distinct to different enantiomers of a chiral drug via the phenomenon of diastereomeric
interactions. Homochirality in nature has resulted in an ever increasing need for
homochirality in bioactive molecules used in drug formulations, flavors, fragrances, food
additives and pesticides. This has resulted in severe restrictions in the production of these
bioactive molecules and nowadays a lot of enantiomerically pure chiral drugs are put on the
market. To give an indication of the importance, the worldwide sales of chiral drugs in
single-enantiomer dosage forms has been growing at an annual rate of more than 13% and in
the year 2000 the worldwide sale added up to 133 billion US dollars.3 This calls for an
efficient means of controlling the chirality of bioactive molecules.
1.2 Controlling Product Chirality
There are basically three methods to obtain enantiomerically pure products, that is to control
the chirality of a final product, in organic synthesis:
• Separation of enantiomers
• Exploitation of the chiral pool
• Asymmetric synthesis
Controlling Molecular Chirality and Motion
3
In industry, separation of enantiomers, via classical resolution of a racemate using
diastereomeric crystal formation with chiral auxiliaries, is still the most widely used route to
achieve the desired molecular chirality in the final product.4 The advantage of this method,
that makes it useful in industry, is that its practicality is generally well established.5 A major
drawback of this method is that by definition half of the expensive chiral material is
discarded, unless there is a possibility of recycling the undesired enantiomer. Kinetic
resolutions of racemates, either chemical or enzymatic, can offer an important alternative
method.6
The abundant chiral compounds in nature, resulting from the biomolecular homochirality in
numerous organic molecules from natural sources, constitute what is called the chiral pool.
All these naturally occurring compounds can be used as starting material for organic
synthesis. In this way the chirality is already controlled at the initial state of a multistep
synthesis.7 The only requirements of the synthetic strategy are then to preserve this chirality
or to modify it in a stereospecific manner. Alternatively, compounds from the chiral pool can
be used as enantioselective agents, for example as chiral ligands in organic synthesis or as a
chiral resolving agent in a classical resolution.8 The drawback of this approach is again
related to biomolecular homochirality. Since in nature usually only one enantiomer of a
certain compound is available, in most cases only one of the enantiomers of the desired
product can readily be obtained. Despite the fact that it is possible to obtain a chiral
compound in high enantiomeric purity, a real control of the handedness is not easily
achieved.
A long time ago, direct asymmetric synthesis of chiral compounds was generally believed to
be possible only by biochemical methods. Indeed, methods employing enzymes, cell cultures
or even living organism are numerous. Nowadays it is well known that organic synthesis can
complement these biochemical methods. Using relatively simple chiral compounds (which
still generally are obtained by resolution or from the chiral pool) as auxiliaries in organic
synthesis, either in stoechiometric or catalytic amounts, one can change enantiomeric
pathways towards the two enantiomers of a desired chiral product into diastereomeric
pathways. The interaction of the chiral auxiliary with the prochiral compound leads to
transition states of different Gibbs energies. As a consequence, these reactions result in the
preferential formation of one product enantiomer over the other. If this Gibbs energy
difference is high enough one can in this way obtain chiral compounds with high
enantiomeric excess (ee). In the past decade the quest for new homochiral bioactive
molecules has evolved into approaches based on combinatorial chemistry and combinatorial
catalysis.9 Using these methodologies, large numbers (libraries) of chiral compounds are
synthesized simultaneously by automated systems. In case of combinatorial catalysis, a
number of potential catalyst or ligand systems are simultaneously tested for their activity and
selectivity. Screening these large arrays requires fast and sophisticated methods. From the
point of view of chirality, the bottleneck in these approaches is the screening for
enantioselectivity of a certain catalyst under certain conditions.10 In Chapter 8 of this thesis
an instant method for enantiomeric excess determination will be presented. This method
constitutes a direct visual control (check) of chirality.
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Although asymmetric synthesis is by far the most elegant of the described ways to control
product chirality, still chiral compounds have to be used to transfer chirality to the desired
final products. As noted the initial chirality comes from resolution of racemates or from the
chiral pool. Introduction of molecular chirality from scratch, without the use of chiral
auxiliaries, reagents, or catalysts, would be the most elegant possible way of controlling
chirality. This approach is called absolute asymmetric synthesis.
1.3 Absolute Asymmetric Synthesis
1.3.1 Historic Perspective
The formation of enantiomerically enriched products from achiral precursors without the
intervention of pre-existing optical activity i.e. absolute asymmetric synthesis and the
amplification of chirality is still a luring opportunity for many scientists. The fundamental
problems of generation of asymmetry at the molecular level as well as the expression at the
supramolecular and macromolecular level are usually associated with the quest for molecular
evolution and the origin of life.11 Despite the fact that 150 years have past since Louis Pasteur
conducted his famous experiments on the resolution of tartaric acids,12,13 the origin of
chirality in biomolecules is still one of the great mysteries.1a,14
Several theories have been proposed which, on physical grounds, explain the chirality of
biomolecules but attempts to mimic the terrestrial chemical composition at a prebiotic stage
on a laboratory scale do not show any evolution of homochirality whatsoever.15 Nevertheless,
despite a good mechanistic knowledge, many attempts were and are increasingly made to
imitate nature’s ability to induce homochirality from scratch. Pasteur already tried to grow
chiral crystals in a magnetic field following Faraday’s discovery of magnetically-induced
optical activity.16,17 The negative results did not discourage him from trying related
experiments, such as attempts to induce optical activity by performing reactions in a
centrifuge or even to modify the optical activity of natural products that were produced by
rotating plants. Although all these attempts failed to form enantiomerically enriched products
from achiral precursors, he stressed the essence of optical activity and molecular
dissymmetry for life and beyond.
1.3.2 Chiral Physical Force Fields
Numerous attempts to induce absolute asymmetric synthesis using a chiral physical force
field have been described.23 The most fundamental chiral force is the weak nuclear force,
which is one of the four types of forces through which elementary particles interact. As a
result of parity violation in this weak nuclear force, electrons emitted from a radioactive
nucleus are preferentially left-handed.18 Absolute asymmetric synthesis using this
fundamental chirality is in principle possible, however, it is still not supported
experimentally. Even if experimental support is obtained effects are expected to be too small
for any practical application.
Other artificially produced chiral force fields have also been applied to induce chirality from
scratch. A number of experiments in this area have proven to be irreproducible either due to
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fraudulent experiments or to a variety of irreproducible aggregation phenomena playing a
role.19 Recently, a breakthrough example was reported that actually makes use of aggregation
phenomena in the formation of helically shaped mesophases of tetraphenyl sulfonate
porphyrins. A clear predominance of one helical sense of packing was observed depending on
the direction of a macroscopic vortex motion during the aggregation process, schematically
depicted in Figure 1.1.20
Figure 1.1 Preferred chirality in helical packing of porphyrins induced by vortex motion.
Barron investigated chiral aspects of physical force fields in great detail and discriminated
between true and false chiral force field. Without going into detail on the differences (for this
the reader is referred to the cited references19,23), only true chiral physical force fields are
capable of inducing absolute asymmetric synthesis under equilibrium conditions.21 An
important candidate in this respect is the combination of linearly polarized light with a
magnetic field parallel or antiparallel to its propagation direction. The chirality of this
combination is shown experimentally in a difference in both the refractive index (MIDD;
magnetic field induced dispersion difference) and absorption coefficient (MIAD; magnetic
field induced absorption difference) of enantiomers in such a force field. Control of chirality
can be exerted to a small extent. An experimental demonstration of the so-called
magnetochiral anisotropy was performed by Rikken et al.22 When a racemic solution of a
chiral Cr(III)tris-oxalate complex was irradiated with linearly polarized or unpolarized light
parallel or antiparallel to a magnetic field, a wavelength dependent enantiomeric excess in the
range of 10-2% was obtained. The most abundant stereoisomer is depending on the direction
of the magnetic field relative to the propagation direction of the light.
Despite the great progress in asymmetric synthesis, there are only a few genuine absolute
asymmetric syntheses known today.19,23 Novel approaches based on the interplay of
molecular biology, organic chemistry and supramolecular sciences have resulted in synthetic
molecules that show amplification, autocatalysis or self-replication and these systems are
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pertinent to the question how to amplify a small stereochemical bias rather than the actual
formation of this bias.24 Only two successful approaches towards absolute asymmetric
synthesis under the influence of light are known using either photochemistry in chiral crystals
or applying circularly polarized light, which is a chiral force.
1.3.3 Photochemistry in Chiral Crystals
The use of a chiral crystal field in topochemically controlled solid-state reactions offers the
possibility of absolute asymmetric synthesis. Asymmetric synthesis has been reported by
doping achiral compounds in a crystal of a chiral compound and using chiral inclusion
complexes but these do not classify as absolute asymmetric syntheses.25,26 Chiral compounds
always crystallize in chiral space groups but also a number of achiral compounds are known
to form chiral crystals. Most achiral molecules are known to adopt interconverting chiral
conformations that could lead to a unique conformation upon crystallization. Green, Lahav
and Rabinovich already noted that from a viewpoint of asymmetric synthesis, since
stereocontrol is exerted during crystallization in the chiral form, it is only necessary to lock
the chirality in a configurationally stable product by a subsequent solid-state reaction.27
Unfortunately, it is not easy to arrange achiral molecules in a chiral form in the crystal.
Molecules with a C2-symmetry axis tend to crystallize in chiral structures according to
Jacques et al.28 but despite impressive work on crystal engineering,29 predictions on a
correlation between crystal symmetry and molecular structures are still hard to make. It was
shown however that it is possible to regulate chiral crystallization by crystal engineering.30
Asymmetric crystallization of achiral compounds is stimulated by autoseeding with the first
crystal formed.
After Penzien and Schmidt reported the first absolute asymmetric transformation in a chiral
crystal,31 many examples of solid state photochemical reactions that use the chiral crystal
environment of an otherwise achiral compound to induce an optically enriched product have
been reported in recent years.19,32 A remarkable case was reported by Toda involving
photocyclization of N,N-diisopropylphenyl-glyoxylamide 1.1 (Scheme 1.1).33 Due to twisting
around the CO-CO bond a helical conformation is found in the chiral crystal that is locked by














 An example of absolute asymmetric synthesis employing the chiral crystal
environment.
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The major drawbacks of the crystal field method, preventing it from becoming a general
method of absolute asymmetric synthesis, are: 1) the unpredictability of the crystallization of
the achiral substrates, which as indicated can be circumvented by manual seeding and 2) the
fact that achiral substrates seldom crystallize in chiral space groups.
1.3.4 Circularly Polarized Light
Circularly polarized light (CPL) is chiral electromagnetic radiation and was shown to be able
to induce absolute asymmetric synthesis.34 The only basic requirement is that the molecules
to be converted should absorb visible or UV-light. Since circular dichroism (CD) arises from
a difference in the absorption (∆ε) of right- and left-circularly polarized light by an optically
active molecule; right- and left-handed CPL should preferentially interact with one
enantiomer of substances exhibiting circular dichroism. In addition, starting from a molecule
with different chiral conformations, irradiation with CPL might preferentially convert one of
the ground state conformers to an excited state with a certain chirality that can lead to a
preferred formation of one enantiomer.
Three types of enantioselective conversions effected by CPL irradiations can be distinguished
(Scheme 1.2):
A) Asymmetric photosynthesis; i.e. an enantioselective photochemical formation of an
optically active compound from a prochiral starting material.
B) Preferential photodestruction; i.e. in an irreversible process one of the enantiomers of a
racemate is preferentially degraded and the other stereoisomer is enriched.
C)






























An early attempt to test the idea of using CPL as a means of performing absolute asymmetric
synthesis was an irradiation experiment of an asymmetrically substituted triphenylmethyl
radical but no unequivocal optical activity was observed.35 Suitable systems to prove the
concept of CPL controlled asymmetric synthesis are helicenes. These compounds are known
to have a strong CD effect and are produced by a photochemical ring closure and subsequent
oxidation of a diarylethylene in the presence of iodine. Indeed, the groups of Kagan and
Calvin independently succeeded in a CPL-induced enantioselective synthesis of helicenes.
These compounds are structurally related to the molecular switches and motors described in











Scheme 1.3 Photosynthesis of hexahelicene using circularly polarized light.
When 1-(2-benzo[c]phenanthryl)-2-phenylethylene 1.3 or 1-(2-naphthyl)-2-(3-phenanthryl)-
ethylene 1.4 were irradiated with CPL in the wavelength range of 310 - 410 nm optically
enriched hexahelicene 1.5 was obtained via a dihydrohelicene intermediate. Note that 1.3 and
1.4 exist in rapidly interconverting chiral conformers. The optical rotations of the synthesized
helicene ([α]436) were 7.6 - 8.4° starting from 1.3 and 30.0 - 30.5° starting from 1.4,
respectively (positive optical rotations were obtained with l-CPL). The optical purity was
lower than 0.2% in all cases. Accordingly, 1-(2-naphthyl)-2-(2-benzo[c]phenanthryl)-
ethylene, 1-(3-phenanthryl)-2-(2-benzo[c]phenanthryl)-ethylene and 1,2-bis-(2-benzo[c]phe-
nanthryl)-ethylene under the same conditions gave optically active hepta-, octa- and
nonahelicene. The photochemical reaction takes place from the lowest excited singlet state of
the cis-alkene. Circularly polarized light will preferentially excite one of the ground state
conformers leading to a preferred chirality in the final product. For real application this
concept is restricted to this type of compounds showing strong CD effects.
B) Photodestruction
In the 19th century, Le Bel and Van ‘t Hoff recognized the potential use of right- and left-
CPL in photochemical reactions for the production of a certain enantiomeric excess from a
racemic substrate.38 Cotton was the first to test this idea by attempting enantiodifferentiating
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photolysis of an alkaline solution of copper tartrate.39 It was known that copper tartrate
exhibits unequal absorptions for right- and left-handed CPL at the red end of the spectrum.
However, no rotation was detected after photolysis, owing to insufficient energy of the light
employed, as was later shown by Byk.40 Kuhn and coworkers succeeded in performing an
enantiodifferentiating reaction with circularly polarized light in the UV region, namely the
photodestruction of the racemic dimethylamide of α-azidopropionic acid.41 In this first
unequivocal asymmetric photolysis, the obtained optical rotation could be correlated with the
anisotropy factor of the substrate derived from CD experiments. Soon after this finding, a
study by Mitchell appeared, reporting optical rotation in the product after irradiation of the
sesquiterpene humulene with CPL.42 Enantiodifferentiating photochemical reactions
employing CPL have, however, not been extensively explored.
As photodestruction involves the preferential conversion of one of the enantiomers of a
racemate, i.e. kinetic resolution, a high ee might be achieved provided the reaction is run to
high conversions. Kagan et al., in accordance with theory, reported optical purities of 20%
for camphor and 30% for trans-bicyclo[4,3,0]nonan-8-one, respectively, at 99%
photodestruction of the racemates.43 These are among the highest stereoselectivities reported
so far but the very low yield of remaining optically active material is illustrative for the
disadvantages associated with this kinetic resolution method.
Although the obtained ee’s are considerably lower, important in this aspect is the asymmetric
photolysis of (R,S)-leucine using laser-induced circularly polarized UV light,44 Bonner and
coworkers obtained leucine with an ee of about 2% after irradiation at 212.8 nm of a racemic
sample of the α-amino acid with a circularly polarized laser. This direct way of enriching an
α-amino acid is of course of major importance in the study of the origin of biomolecular
homochirality. Two different amplification mechanisms for these small enantiomeric
excesses have been reported. One concerns the amplification in polymerization of an α-
amino acid.45 The other mechanism was actually illustrated for enantiomerically enriched
leucine obtained by CPL photodestruction.46 When the enriched α-amino acid is used as an
initial catalyst in an autocatalytic reaction where strong non-linear effects are observed,
products of high enantiopurity can be synthesized. Considerable research has been performed
on these autocatalytic reactions47 and it was already shown that starting from enantiomeric
excesses as tiny as those obtained from CPL photodestruction considerable enantiomeric
excesses could be obtained.
C) Photoresolution
Photoresolution comprises a mechanism by which enantio-differentiating reactions using
circularly polarized light can operate in a reversible manner.48 For instance, irradiation of
racemic chromium oxalate solutions in water with CPL gradually resulted in an optical
enrichment without affecting the chromium oxalate contents.49 CPL selectively excites one of
the two enantiomers of chromium oxalate and from this excited state racemization takes
place, the other enantiomer, which is hardly affected, will accumulate in solution until an
equilibrium or photostationary state (PSS) is reached. Stevenson, Verdieck and Norden also
reported a similar partial resolution of bidentate octahedral CrIII-complexes.50
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In general, in a photoresolution process irradiation of a racemate with (l)-CPL will cause the
formation of an excess of the (R)-enantiomer whereas irradiation with (r)-CPL will lead to an
excess of the (S)-enantiomer (or the reverse enantioselectivity takes place). This means that
two enantiomers are interconverted at a single wavelength by changing the handedness of the
light. When achiral -unpolarized or linearly polarized- light is used, irradiation of a mixture
of two enantiomers in any given ratio will lead to a racemic mixture due to identical
absorption of both enantiomers, irrespective of the wavelengths. When employing (l)- or (r)-
circularly polarized light, the selectivity that can be expected is governed by the Kuhn
anisotropy factor g defined as the ratio of molar circular dichroism and extinction coefficient
(g = ∆ε / ε ).51 The enantiomeric excess in the photostationary state (eePSS) is given by
Equation (1). For most compounds the anisotropy factor g seldom exceeds 1% and therefore
ee’s not higher than 0.5% are to be expected from CPL photoresolution. Notable exceptions
are for instance chiral lanthanide complexes that show g-values up to 3% and chiral bicyclic








The group of Schuster has studied a large variety of axially chiral (arylmethylene)
cycloalkanes.52 These compounds exhibit axial chirality and irradiation will lead to
isomerization of the olefinic bond, which results in simultaneous racemization of the
molecule. Typically, irradiation of methyl ester (R)-1.6 with unpolarized light (254 nm)
resulted in complete and selective racemization (Figure 1.2). Therefore it fulfils one of the
main criteria for a photobistable compound to be suitable for reversible photoresolution. With
related compounds this requirement was not always fulfilled as considerable
photodecomposition accompanied photoracemization. Anisotropy factors could be enhanced
from g251 = 7.5 × 10-5 for 1.6 to g361= 1 × 10-2 for ketone 1.7 by tuning the excited state
interactions between the chromophores via structural modifications. These systems bearing a
ketone chromophore exhibit high g-factors since the carbonyl n-π* transition is forbidden.
Despite the fact that optically active 1.7 shows complete racemization in one minute and an
enantiomeric excess of 5 × 10-3 based on the g-factor was calculated for the photostationary
state, no successful photoresolution was described. Photoisomerization and
photodecomposition were found to be competing processes in these systems. For axially
chiral bicyclo[3,2,1]octan-3-one 1.8 (g313=0.0502, eemax=2.5%) photoresolution was observed
leading to an enantiomeric excess of 1.6%. However, photoresolution is rather slow and 47 h
of irradiation are necessary to reach the photostationary state.53
Our interest in the control of chirality by circular polarized light stems from the challenge to
develop a chiroptical molecular switch based on CPL.54 The general concept is based on
sterically overcrowded alkenes as the one 1.9 depicted in Figure 1.1, that have been
extensively studied in our group.55,56 Due to the steric hindrance around the central olefinic
bond these molecules adopt a helical conformation. The intrinsic chirality in these inherently
dissymmetric alkenes is denoted M and P for left- (Minus) and right-handed (Plus) helices,
respectively.57 Due to this configuration, g-values in the range of maximal 8.0 × 10-3 for 1.9
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(g257) were found, comparable to the structurally resembling the helicenes described above.
The interconversion of the (P)- and (M)-enantiomers of these helical shaped inherently
dissymmetric alkenes with circularly polarized light was shown and enantiomeric excesses up






Figure 1.2 Examples of compounds for which efficient photoresolution with circularly
polarized light is possible.
As such this photoresolution offers a way to reversibly control the chirality of a molecule by
using different forms of chiral light. As stated above for the real formation or synthesis of
chiral compounds this is not very useful because of the low enantiomeric excesses that can be
reached. It can, however, be of high importance when looking at it from another point of
view. In a bistable molecular system, it is possible to exert control over the chirality and state
in which the molecule is present. Chiral light can be used to switch the molecular system
from one handedness to the other and such a switching behavior on the molecular level might
have potential, although limited, in developments towards molecular integrated systems or
optical data storage units.
1.4 Chiroptical Molecular Switches
1.4.1 Molecular Switches as Components of Nanotechnology's Toolbox
In modern day technology there is a constantly increasing demand for fast processing and
high-density storage of information. Recent advances in information technology are reached
by what is called a top-down approach.59 In this approach, usually silicon-based electronic
components are miniaturized to smaller and smaller dimensions to allow more rapid data
processing and more dense data storage. The limits of miniaturization in such a top-down
approach are dependent on the limitations of the lithographic techniques used. It can be
estimated that these limits will be reached at some point in the near future. An alternative
route to devices and storage units of smaller dimensions is named the bottom-up approach.
Instead of decreasing dimensions of known macroscopic entities, here the aim is to use the
smallest thinkable building blocks, molecules, or even atoms, and from this utter limit of
miniaturization build up materials that can fulfill the same functions as their macroscopic
counterparts. This approach calls for functional molecules as, for example, molecular motors
or switches that by assembly can form supramolecular materials that can function as actual
data storage units or as parts of molecular scale electronic circuitry. Considering the
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dimensions of a molecule it is save to predict that eventually devices, developed by this
bottom-up approach, would have dimensions in the nanometer (10-9 m) range. This size
should also be the approximate limit of the top-down approach, where already devices with
80 nm features are presently known.60 Therefore both approaches are part of a field of
research that is named nanotechnology.
The bottom-up approach in nanotechnology requires multidisciplinary research to eventually
result in real supramolecular devices. Our target as organic chemists in the development of
materials for information storage and retrieval at the molecular level is the design and
synthesis of molecular structures with the basic characteristics of such a device.61 The use of
organic materials offers the advantage of easy fabrication, the possibility to shape organic
compounds into the desired structures by molecular engineering, the fine-tuning of a large
variety of physical properties by small changes in the structure, and the characterization of
single isolated structures (e.g. by single molecule spectroscopy) to allow the study of
fundamental problems.62 Disadvantages associated with stability and order compared to
inorganic (solid state) materials can often be solved by structural modification. It is also
relevant to mention recent advances in the construction of nanosize structures63 or patterned
surfaces64 with well-defined organization of several organic components, based on the
principles of self-assembly.65
An essential electronic component is a simple switch that can differentiate between an on and
an off state. A molecular counterpart would be necessary in what is called nanotechnology's
toolbox. This can be seen as a collection of molecular structures that can each perform a
certain function, which eventually should be combined to really form supra- or
supermolecular devices. The basic requirement for a molecular counterpart of a switch is
bistability. Bistability is the existence of two different forms of a molecule, which can be
interconverted by means of an external stimulus. In practice, this bistability can be based on a
variety of properties of molecules like electron transfer, isomerization and difference in
complexation behavior whereas light, heat, pressure, magnetic or electric fields, pH change or
chemical reactions can be used to achieve the interconversion, i.e. the actual switching, of the
bistable states.66 Photoreversible or photochromic compounds,67 where the reversible
switching process is based on photochemically induced interconversions, are particularly
attractive. Photochemical switching of nanoscale architectures,68 mechanical devices,69
catalysts,70 transport systems,71 sensors,72 surface properties of materials73 and target directed
delivery systems74 are only a few applications that can be envisioned. Next to this possible
switching or triggering function which might offer intriguing prospects in the design of new
photonic materials, at itself a bistable molecular system already constitutes a potential binary
data storage system. Defining the two forms of the photochromic system as a 0 and a 1 state
this system constitutes one bit of information, provided that writing and reading-out are
possible. Also from the point of view of miniaturization in optical data storage a
photochromic molecular system is an interesting target. Another important advantage of this
type of systems is that light can be used for writing and processing information and,
comparable to glass fiber technology, this would offer a highly increased speed compared to
electronic addressing and switching.
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In our approach towards useful molecular switch systems aiming for fast photoinduced
processing of information, chiral organic compounds are applied. In addition to the common
reversible change in absorption spectra (color change) in photochromic materials and the
possibility to modulate other physicochemical properties like dipole moment or redox
potential,75 the unique properties associated with different stereoisomers of such chiral
photoresponsive molecules can be exploited. Precise control of chirality at the molecular and
macroscopic level and in supramolecular assemblies is indispensable for the structure and
properties of many natural materials and essential to the functioning of biosystems (vide
supra). The use of light to control chirality in a reversible manner might therefore offer
intriguing prospects and a powerful principle for the design of molecular switches and new
photochromic materials. The left- (S or M) and right-handed (R or M) forms of a chiral
compound, as illustrated already for the olefinic compounds used in CPL photoresolution,
can represent the two distinct states of opposite chirality in a molecular binary logic element.
1.4.2 Basic Requirements of a Molecular Switch
As discussed above, the main requirement for a molecule to function as a switch is
bistability.76 In the schematic representation below (Scheme 1.4) 0 and 1 represent the two
different forms of a bistable system and hν1 and hν2 refer to the different light stimuli
(differing in either sign of circular polarization or wavelength of light) used to effect the
reversible switching behavior for a photochromic molecule. A variety of photoreversible
compounds including fulgides, azobenzenes, sterically overcrowded stilbene analogs,
spiropyrans, diarylethenes, salicylideneimines, viologens, and azulenes have been studied.
The photochromic processes involved are typically (cis-trans) isomerization,
photocyclization, photoinduced electron transfer and keto-enol tautomerism (vide infra).77
0 1hν1hν2
Scheme 1.4 Schematic representation of an optical switch.
Despite the fact that the inevitable condition of photochemical bistability is fulfilled in these
systems, a number of requirements are essential for applications as molecular switching or
trigger elements. The most important are:
- High selectivity; especially at a molecular level high switching selectivity is essential.
- Low fatigue; numerous write and erase cycles should be possible without
concomitant degradation.
- Thermal stability; thermal interconversion of the isomers should not take place in a
large temperature range.
- Easy detectability; both forms should be readily detectable.
- Fast response times; fast switching cycles are essential.
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- High quantum yields; allowing fast and efficient switching.
- Non-destructive read-out; the detection method should not interfere with or erase
the stored information.
Retention of the photochemical properties when the photochromic compound is incorporated
in e.g. a polymeric or liquid crystalline matrix, organized on a surface, or becomes part of a
supramolecular assembly is also of considerable relevance. The various technical
requirements to construct optical devices are an additional factor that can play a decisive role
where a multidisciplinary approach is essential for success.78
Fatigue resistance, thermal stability, fast response times and high quantum yields are
properties dependent on the molecular structure used and as such should be tuned for every
type of molecular system used. For the different photochromic molecular materials used so
far, UV-VIS spectroscopy is the most common detection technique.67 However, this
technique that involves sampling at the absorption bands often leads to undesired side effects
like partial reversal of the photochromic process used to store the information.79 Efforts to
avoid such problems80 resulted in the construction of light-switchable molecules in which the
photochromic event is accompanied by changes in other properties for instance, complexation
of ions,81 refractive index,82 electrochemical behavior83 or conformational changes in
polymers.84 Also the modulation of the organization of large ensembles of molecules (and
simultaneous the physical properties) in gels,85 liquid crystals,86 and Langmuir-Blodgett-
films87 represent means to avoid destructive read-out.
In a chiral approach towards molecular switches, the unique properties associated with
stereoisomers of chiral photoresponsive molecules are exploited. A major advantage of chiral
optical switches is that non-destructive read-out is feasible by monitoring the optical rotation
at wavelengths remote from the wavelengths used for switching. Chiroptical techniques offer
the attractive feature that the change in chirality of the photochromic system can be detected.
Although the use of circular dichroism (CD) read-out is destructive unless the read-out
wavelength is identical to the switching wavelength, optical rotatory dispersion (ORD)
measurements can be performed readily outside the absorption region. It should be noted,
however, that these techniques are generally employed on larger numbers of molecules (e.g.
solution) rather than a single molecule. Furthermore, when the chiral photochromic
compounds are employed to control other (chiral) properties, such as, for instance, the
organization of a liquid crystalline phase non-destructive read-out is easily accomplished.
The sensitivity towards changes in chirality of the organization in larger assemblies and
concomitant changes in physical properties associated with these events can be used in read-
out by monitoring supramolecular chirality, although the actual storage entity here is a
molecular assembly rather than a single molecule.
1.5 Chiral Photobistable Systems and Their Use As Molecular Switches
A number of different forms of chiral photochromism can be envisioned. The variety of
photoswitching principles, summarized above, based on for example (cis-trans)
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isomerization, photocyclization, photoinduced electron transfer, and keto-enol tautomerism
can be exploited. In addition for every type of switching a variety of chiral organic
compounds are possible. This synthetic versatility allows a whole range of designed materials
to be synthesized.61a The use of circularly polarized light as a switching stimulus was already
discussed above and is schematically shown in Scheme 1.5A. Most chiral photochromic
molecules known, however, employ unpolarized or linearly polarized light because of
theoretical boundaries of switching efficiencies using CPL. Two other types of switching can
be distinguished; i) switching of so-called pseudoenantiomers, where the switching
completely changes the chiral properties of the system (Scheme 1.5B), and ii) switching of
chiral molecules where the chirality of the systems itself does not change but where
switching, for example distant from the actual chiral center, results in a geometrical change in
the molecules which automatically then has an effect on the chiral properties (Scheme
1.5C).88
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Scheme 1.5 Schematic representation of different types of chiroptical molecular switches.
1.5.1 Enantiomeric Switches Based On CPL
As already stated above the switching efficiency of enantiomeric switches using CPL is
severely limited by the small values for the Kuhn anisotropy factor g. Nevertheless, these are
the only photochromic molecules reported that show absolute control of chirality. Starting
from a racemic situation, chirality is induced by the influence of a true chiral physical force,
circularly polarized light. Next to the general requirements already discussed in the previous
section, decisive factors for a successful molecular switch based on enantiomers are a)
irradiation with CPL light should not cause any photodestruction b) the enantiomers should
have sufficiently high g-values and c) the quantum efficiency for photoracemization should
be high, as the rate of photoresolution is exponentially related to this quantity.89 Attempts to
demonstrate the principle of a molecular switch based on CPL irradiation that were not
successful include an inherently dissymmetric fluorene derivative,88b atropisomeric bridged
binaphthyls90 and 1,1’-binaphthylpyran.91 Inefficient photoracemization, low g-values and
insufficient sensitivity for detection are some of the problems encountered.
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Though limited in use CPL switches are interesting from the point of view of origin of
chirality. Furthermore, when combined with an amplification mechanism in which the small
enantiomeric excesses obtained by photoresolution are amplified to a macroscopic chiral
property by, for example, liquid crystals or, as discussed above, via non-linear effects in an
autocatalysis mechanism possible applications can be envisioned. The use of an amplification
mechanism based on an environment effect, for example with liquid crystals or polymers, is
of more interest to our discussion here since the supramolecular system (switch and matrix) is
still a potential switch where the macroscopic chirality can directly be controlled by light.
The main target of research on enantiomeric switches is the potential development of a liquid
crystal photo-trigger based on CPL. Liquid crystalline materials, as will be discussed in detail
in Chapter 3 and following chapters, are extremely sensitive to chiral perturbations and as
such changes in LC films can reflect even tiny enantiomeric excesses of chiral dopants. The
examples of CPL switches shown in Figure 1.2 were actually developed for this purpose.
1.5.1.1 Axially Chiral Bicyclic Ketones
In 1995, Schuster and coworkers reported the first reversible photoswitching of a racemic
organic material with CPL.92 In order to obtain high ee values, axially chiral bicyclic ketones
e.g. 1.10 were selected as chiral photobistable materials to be used in particular as chiroptical
triggers for the control of liquid crystalline phases (Scheme 1.6).52. The absorption band of
the substituted acrylic ester moiety in 1.10 has no overlap with that of the ketone group, and
the relatively rigid bicyclo[3,3,0]octane skeleton is used to link the chromophores in order to
avoid averaging of the CD spectra by strong coupling of the transition moments of the
chromophores. As a comparison, similar large CD effects were previously observed for
inherently dissymmetric ketones.93 These features resulted in a g-value of about 1.0 × 10-2.
Irradiation of 1.10 with unpolarized light leads to efficient photoracemization by











 CPL switching of axially chiral bicyclic ketone.
A selective and efficient photoracemization of 1.10 occurs with a high quantum yield (Φrac)
of 0.45 (out of the maximum quantum yield of 0.50 for such a resolution process).
Furthermore, full fatigue resistance after 12.5 h of irradiation (λ > 305 nm) was observed.
These favorable chiroptical and photochemical properties were essential for the successful
demonstration of photoswitching of 1.10 by irradiation with circularly polarized light. The
photostationary state is reached after 400 min of irradiation and an ee of 0.4% was measured.
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The enantioselectivity in this process is in agreement with the ee calculated on basis of gλ.
Successful switching between enantiomeric forms is evident from the mirror image CD
spectrum that is obtained when the handedness of the CPL is changed.
None of the described arylmethylene cycloalkenes (1.6, 1.7, 1.8, and 1.10) was capable of
actual phototriggering of a liquid crystal matrix. Doping of achiral (nematic) liquid
crystalline (LC) material with these chiral compounds in enantiomerically pure form resulted
in macroscopically chiral (cholesteric) LC phases, that is the molecular chirality is amplified.
Photoracemization causes the anticipated cholesteric to nematic phase transition. The reverse
process, inducing chirality from an achiral racemic state, however was not observed, due to
either insufficient helical twisting power (that is insufficient chiral influence on the LC host)
or low g-values for these photobistable dopants. Bicyclo[3,3,0]-octan-3-one 1.10 has a high
g-value but photoresolution of this compound doped in a nematic LC material did not result
in a cholesteric phase due to a low helical twisting power. In an alternative approach, the
photoresolvable group was part of the liquid crystalline compound itself. For this purpose
axially chiral 1-benzylidene-4-{4-[4-alkylphenyl)ethynyl]phenyl]cyclohexanes were prepared
but again the anisotropy factor g proved to be too small.94 A more recent example involves a
similar approach using a mesogen modified analogue of bicyclic compound 1.8 (Figure 1.2)
CPL switching of a liquid crystalline phase was accomplished but suffers from a strong
decrease in efficiency compared to solution.95 The pitch of the chiral liquid crystal obtained,
which is a measure for its chirality, is larger by about a factor 2 when direct CPL irradiation
is performed in the LC matrix compared to doping the LC material with enantiomerically
enriched compound at its photostationary state.
1.5.1.2 Intrinsically Chiral Sterically Overcrowded Alkenes
The switching process we envisioned involves the interconversion of the (P)- and (M)-
enantiomers of helical shaped inherently dissymmetric alkenes. The possible
photoisomerization steps, which also of course hold for the examples discussed above, are the
following: i) after irradiation with CPL one of the enantiomers ((P) or (M)) will be formed in
small excess when one starts with a racemate (M,P); ii) irradiation with light at one
wavelength, but alternating (l)- and (r)-CPL, will result in a modulation between a (P)- and a
(M)-helix; iii) the racemic mixture can be obtained again after irradiation with linear
polarized light LPL.
Out of a large number of sterically overcrowded chiral alkenes that were synthesized and
resolved, helical shaped alkene 1.11 meets the requirements for a useful switch (Scheme
1.7).54 The enantiomers of 1.11 are stable at ambient temperatures (∆Gkrac = 108.4 kJ mol-1)
and fatigue resistant. W. Jager showed that a stereospecific photoisomerization takes place
that reverses the helicity of the molecules. Irradiation of (P)-1.11 at 300 nm with unpolarized
light resulted in rapid photoracemization without notable degradation and with a high











Scheme 1.7 Successful CPL switch based on a sterically overcrowded alkene.
Furthermore, large CD absorptions and optical rotations, similar to those found for helicenes,
are found which are useful for detection of the rather small change in chirality upon CPL
irradiation. For practical purposes the photoresponsive system should exhibit sufficiently
large g-values at wavelengths above 300 nm, since lower wavelength, high-energy
irradiation, could lead to unwanted photochemical side reactions. The experimental g-value
for 1.11 is -6.4 × 10-3 (313 nm), which indicates that an ee of 0.3% might be expected under
ideal conditions. Irradiation of (P,M)-1.11 with (l)-CPL indeed resulted in
photoderacemization. Successive irradiation for 30 min with (l)- and (r)-CPL at the same
wavelength led to a modulation of the chirality as detected by CD measurements and no
deterioration of the CD signal was observed during 8 cycles. Switching occurs between
photostationary states with small excess of (P)- and (M)-helices and the ee = 0.07% and -
0.07%, respectively. The ee values are smaller than anticipated but taken into account that the
light used in these experiments was 90% circular polarized at best and that the bandwidth was
10 nm, ee’s not larger than 0.2% are realistic.
Interestingly, for this compounds it was proven by N. Huck that the concept of a CPL
phototrigger for liquid crystal phase transition is indeed possible. Irradiation with (l)-CPL
(313 nm) of racemic (P,M)-1.11 doped in a nematic LC host 4’-(pentyloxy)-4-
biphenylcarbonitrile (M15) resulted in the formation of a negative cholesteric phase. The
molecular chirality controlled by circularly polarized light is amplified by the liquid
crystalline environment. Accordingly, irradiation with (r)-CPL (again 313 nm) also resulted
in a cholesteric phase but of opposite positive screw sense. The amount of dopant needed to
obtain a measurable chiral LC phase is relative large (20 weight%) as only a very small ee
(0.07%) is expected from solution experiments. As a consequence the pitch of the cholesteric
phase, which is inversely proportional to both the enantiomeric excess and the concentration
of the dopant (Chapter 3), at lower concentrations is too large for direct determination.
Irradiation of the cholesteric film with linear polarized light at 313 nm resulted again in a
compensated nematic LC film, that is an LC phase that is achiral due to equal and
compensating negative and positive chiral perturbation (in case of two enantiomers this
simply implies racemic dopant). The two chiral influences ((l)- and (r)-CPL at the most
efficient wavelength stimulate the two extreme photostationary states. Actually, the
macroscopic switching system is a multistate switch in which the cholesteric phases with
intermediate pitches can be addressed by changing the irradiation time, intensity, wavelength
or quality of the circularly polarized light. A change between (l)-CPL and (r)-CPL modulates
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the chirality of the cholesteric phases whereas unpolarized or linearly polarized light results
in an achiral LC phase (Scheme 1.8). It should be noted that in all cases the molecular
chirality is amplified to a uniform homochiral liquid crystalline phase of a certain
handedness, even at low enantiomeric excesses where the two enantiomers of the dopant
material are present in comparable concentrations. The different enantiomeric excesses are
only reflected in the magnitude of the pitch of the cholesteric phase.






Scheme 1.8 Schematic representation of switching between different liquid crystalline phases.
In conclusion, there are a number of examples of chiroptical molecular systems in which the
chirality is controlled solely by the chiral nature of the irradiation light. Besides the discussed
low molecular weight liquid crystalline examples also polymer systems whose handedness
can be switched by using left and right-handed CPL have recently been reported.96 For all
these systems, however, no future application is to be expected. Due to the theoretical
limitation of such a method and the necessity of chiral light, chiral photoresolution will most
probably never lead to switching elements in future nanotechnological devices. Nevertheless,
as emphasized repeatedly, from the point of view of fundamental research on the origin of




A way of circumventing the major limitations predicted and encountered in enantiomeric
switches is by the use of pseudoenantiomeric molecules. Pseudoenantiomers13 are two
isomers that show close resemblance and exhibit opposite -mirror-image- chiral properties,
yet are not real enantiomers. Pseudoenantiomers can differ in their physical properties and
this difference can be used for switching. Pertinent to our discussion here is the fact that these
molecules exhibit different UV-VIS absorption behavior. This photochromism can be
employed in the same way as for the enantiomeric switches, but now a difference in
absorption at different wavelengths of achiral light causes the switching. When two
pseudoenantiomers, which are actually diastereoisomers, differ in their extinction coefficient
at a certain wavelength, irradiation at this wavelength will result in an accumulation of the
pseudoenantiomer with lowest absorption. The physical background will be discussed in the
next chapter.
Inspired by the efficient switching of retinal in the human eye,97 our design of
pseudoenantiomeric chiroptical switches is again based on sterically overcrowded alkenes
(Scheme 1.9).98 The molecules consist of an unsymmetrical upper part
(tetrahydrophenanthrene or 2,3-dihydronaphtho(thio)pyran) connected via a double bond to a
symmetric lower part (xanthene, thioxanthene, fluorene). The intrinsic helical chirality again
originates from a distortion of the molecular framework leading to (M)- and (P)-helices. Such
a pseudoenantiomeric system is tetrastable (that is there are four stable forms) by itself,
rather than bistable, which is necessary for switching applications. As seen from Scheme 1.9,
a typical system consists of the four stereoisomers (P)-cis, (M)-cis, (P)-trans and (M)-trans.
In order to function as a molecular switching element or data storage unit resolution has to be
performed to obtain either of the pseudoenantiomeric switching pairs ((M)-cis / (P)-trans or
(P)-cis / (M)-trans). An asymmetric synthesis, providing an alternative approach towards
these types of molecules, has recently been described.99 The major expected and encountered
fatigue in these systems is the racemization of the cis- and trans-isomers. This racemization
process involves a movement of the aromatic moieties of upper and lower halves through the
mean plane of the molecules. The steric bulk of the upper part inhibits fast racemization but
there is sufficient conformational flexibility in upper and lower halves to prevent excessive
distortion of the central olefinic bond. Again, these overcrowded alkenes show structural
resemblance to helicenes100 and feature both a cis- and a trans-stilbene chromophore in the
same molecule. A photochemically induced stilbene-type cis-trans isomerization101 results in
reversal of the helicity while the molecular architecture prevents stilbene-like
photocyclization. Due to the mirror-image relation of the two pseudoenantiomers, such a
system forms a way to control molecular chirality merely by changing the wavelength of the
light employed.






















Scheme 1.9 General scheme of a chiroptical molecular switch based on pseudoenantiomers of a
sterically overcrowded alkene.
As thermal stability is a major requirement for applicability of molecular switches, extensive
research has been performed on increasing the racemization barrier for these systems.88
Although at itself even a racemic mixture of all four molecular forms can function as a
molecular switch where it is possible to selectively form cis- and trans-enriched
photostationary states in this case the major advantage of the control of chirality is lost. It was
found that the racemization barriers could be tuned over a range from approximately 50 to
above 125 kJ mol-1 by modification of the bridging atoms X and Y in the upper and lower
half of the inherently dissymmetric alkenes.55c For instance, the influence of the (hetero)atom
X on the magnitude of the racemization barrier of the thioxanthenes (Y=S; Scheme 1.9) is
pronounced. To illustrate this, going from oxygen to sulfur, the Gibbs energy of activation for
the racemization process increases from 91.2 to 120.9 kJ mol-1 with simultaneous change of
the inter-atomic distance C2-C11 from 2.34Å to 2.75Å. The effect of enlarging this inter-
atomic distance is that the naphthalene unit of the upper half is pushed towards the
thioxanthene lower moiety and as a consequence the steric hindrance at the so-called fjord
region and the barrier for racemization are increased (Figure 1.3). To illustrate the influence
on the fatigue resistance for the oxygen-bridged (Y = O) compound the racemization process
has an half-life of about 10 min at 30°C and for the sulfur bridged compound (Y = S) at the
same temperature the half life is about 800 d. There is a delicate balance between ground
state distortion, due to twisting and folding, and helix inversion in this type of systems.102 The
ability to tune the barriers for thermal and photochemical racemization and isomerization
processes, as illustrated, is essential in the construction of a stable chiroptical
pseudoenantiomer switch. It also illustrates the ability in organic chemistry to tune the






Figure 1.3 Influence of hetero-atoms (X and Y) on the racemization rate of sterically
overcrowded alkenes.
The first chiroptical switching process was realized with thioxanthene-based alkenes (M)-cis-
1.12 and (P)-trans-1.12 (Scheme 1.10). Irradiation of enantiomerically pure (M)-cis-1.12 in
n-hexane solution at 300 nm resulted in a photostationary state consisting of 64% (M)-cis-
1.12 and 36% (P)-trans-1.12 as a consequence of a stereospecific interconversion due to
different UV absorption of (M)-cis- to (P)-trans-isomers.55b By using 250 nm wavelength
light, a photostationary state of 68% (M)-cis-1.12 and 32% (P)-trans-1.12 was reached.
Although this systems shows low selectivity, the difference in the pseudoenantiomeric excess
of 8% reached here is far more efficient than can ever be reached for previously discussed
enantiomeric systems based on CPL-induced switching. This 8% change produced a
sufficient change in the chiroptical properties for easy detection. Alternated irradiation at 250
and 300 nm at a 3 s interval resulted in a photomodulation of the circular dichroism signals. It
should be noted that after 20 switching cycles 10% racemization was observed due to a
relatively low racemization barrier that was determined to be 110.9 kJ mol-1. The half-life of









Scheme 1.10 The first chiroptical molecular switch based on a sterically overcrowded alkene.
In order to improve the stability towards racemization, to tune the wavelengths for
photoisomerization and to increase the stereoselectivity of the photochromic process the
initial design was adjusted. First, a benzo[a]thioxanthylidene moiety, which already proved to
lead to increased racemization barriers, was introduced as upper half.103 In the lower half a
dimethylamino electron-donating substituent and a nitro electron-withdrawing substituent
were introduced (Scheme 1.11).104 This asymmetric substitution of the lower half results in
relatively large differences in the UV absorption characteristics of the two
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pseudoenantiomers that can be employed for switching. This molecular switch 1.13 is
capable of switching between a photostationary state of 90% (M)-cis-1.13 and 10% (P)-trans-
1.13 using 435 nm light and 30% (M)-cis-1.13 and 70% (M)-trans-1.13 using 365 nm light in
n-hexane solution. For 1.13 clear switching between pseudoenantiomers is observed and in
this way it is shown that molecular chirality can be controlled by changing only the
wavelength of light used. The next chapter will deal in great detail with donor-acceptor
substituted switches in general. This system has also been employed as a chiroptical trigger in
liquid crystalline systems, which will be discussed in Chapter 3.105 Also switching of and in











Scheme 1.11 Efficient chiroptical switching using a donor-acceptor substituted switch.
1.5.3 Other Chiral Photoswitches
In the discussed sterically overcrowded alkenes, switching implies reversal of the molecular
helicity and one might say reversal of molecular chirality. As such they are unique members
of the family of molecular switches. Most other examples involve an alternative approach
where a chiral auxiliary and a photochromic unit are present in a switching system (Scheme
1.5C). The photochromic unit allows switching and the auxiliary controls the chirality, in
most cases, switching merely results in a change in molecular geometry where the actual
stereocenter is not influenced, during the photochromic event. Several chiral systems like
diarylethylenes, fulgides, spiropyrans, azobenzenes, binaphthyls,90,91 tethered cyclooctene107
and bilirubin III 108 have been reported. Most research has been done on the first four types of
systems and these will be discussed here.
1.5.3.1 Chiral Diarylethylenes
Photochromic diarylethylenes, which undergo a reversible photocyclization, are among the
most promising photoswitches known today.109 A reversible pericyclic reaction can take
place in these compounds as irradiation with UV light of the colorless (non-conjugated)
open-form leads to the closed (colored) form which can undergo ring-opening again with
visible light (exemplified for compound 1.14 in Scheme 1.12). The introduction of 2-
substituted hetero-arene moieties eliminated the low thermal stability of the dihydro-form,
which is the main origin of the limited applicability of the reversible photocyclization of
stilbene derivatives. Bridging the central alkene bond, to prevent unwanted cis-trans
isomerization, is another key structural improvement.110 The groups of Irie and Lehn have
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developed a series of diarylethenes, which cover the whole visible spectrum, by tuning the
conjugation length and by introduction of donor and acceptor substituents.111
The open form of a diarylethene compound consists of a dynamic system of helical
conformers. Inherent to the photocyclization process, the conrotatory ring closure112 by
irradiation of a symmetric diarylethylene generates two chiral C2-symmetric closed forms
(S,S and R,R). The resolution by chiral HPLC of a number of these chiral closed forms was
reported.113 Ring opening, however, yields the achiral open form and all the stereochemical
information is lost. By the introduction of an l- or d-menthyl moiety at the 2-position of the
benzo[b]thiophene ring in a diarylmaleimide-based switch 1.14a a diastereoselective
photocyclization was accomplished (Scheme 1.12).113 Irradiation at 450 nm in toluene at
40°C resulted in the formation of 1.14b with a diastereomeric excess (de) of 86.6%, where
solvent polarity was found to play an important role. Upon photoexcitation a diarylethylene
compound can adopt two conformations, planar and twisted, and photocyclization only
proceeds through the planar conformation.113 In the case of diarylethylene 1.14, containing a
menthyl chiral auxiliary, there are two diastereomeric planar conformations leading to the












Scheme 1.12 Diastereoselective reversible photocyclization of a menthyl diarylethylene
derivative.
The photochromic system might be used as a chiroptical switch system but faces the
problems of long irradiation times and high sensitivity to temperature and medium effects. In
other cases it was found that even if the diastereoselectivity is almost zero in the
photocyclization, the open and closed form show very distinct CD spectra.114 A bisimine-
modified dithienylethylene, containing two (S)-α-phenylethylamine chiral auxiliary groups at
the 5-positions of the thiophene moieties, does not show any CD effects beyond 325 nm in
the open form but exhibits a distinct induced CD band at 575 nm after ring closure. It should
be noted that the diastereomeric excess here is only approximately 10%. These types of
systems have also been used as phototriggers of LC phase transitions.115 Recently, Irie et al.
reported a remarkable diastereoselectivity of 82% at low conversions making use of the chiral
crystals lattice environment induced by a α-phenylethylamine chiral auxiliary group.116 Even
higher diastereomeric excesses of up to 98% were found for copper complexes of chiral
oxazoline functionalized diarylethylenes.117
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1.5.3.2 Chiral Fulgides
Following the discovery of the photochromic behavior of fulgides by Stobbe118 at the
beginning of the previous century there has been considerable interest in these molecules as
potential candidates for erasable and rewritable organic optical memory systems.119 The
bistability is based on the reversible photochemical conrotatory electrocyclization of the
1,3,5-hexatriene moiety. A typical chiral example is the indolylfulgide 1.15.120 The
photochromic reaction involves the open-colorless and conformational mobile trans-form (in
equilibrium with the cis-form) and the closed-colored and rigid C-form (Scheme 1.13). All
three isomers are chiral as a result of a stereogenic center in the closed C-form and a helical
conformation in the open (trans and cis) structures. Enantiotopomerization was demonstrated
by dynamic NMR studies for the trans-form of a furylfulgide.121 Due to the presence of an
isopropyl group the trans-cis isomerization is drastically reduced122 and the trans-isomer


















 Photochromism of a chiral indolylfulgide.
Irradiation at 405 nm in toluene resulted in a photostationary state with a high excess of the
colored form (open : closed = 19 : 81) without formation of the cis-isomer. Irradiation with
visible light (>580 nm) led to the ring-opened form trans-1.15, exclusively. The switching
between the photostationary states was readily followed by circular dichroism. A major
drawback is the gradual photoracemization at 405 nm.
In a different approach binaphthol was introduced as a chiral auxiliary (Scheme 1.14).123
Diastereoselective photochromism was observed between the open (P)-trans-1.16 form and
the closed (9aS)-1.16C forms. In this case, the stereochemical features of the chiral
photochromic system are more complicated. At room temperature, the open form occurs as
two major conformers (α and β) in a 57 : 43 ratio in rapid equilibrium. Only the α-conformer
adopts the right geometry for rapid photocyclization of the hexatriene moiety. Irradiation at
366 nm generates a photostationary state with and a diastereomeric ratio of 95 : 5 for the
closed form whereas 14% of the open form is present. Switching back, by subsequent
irradiation at 495 nm, quite inefficiently regenerates the open form as still 43% of the closed
form is present.
The use of a fulgide as a chiral switch in a polymeric liquid crystal has been described.124
Although further improvements are required, the easy and non-destructive detection by the
change in optical rotation and the reasonable fatigue resistance (70% of signal after 300
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cycles) are important features of this diastereoselective photochromic system, making





















Scheme 1.14 Chiral photoswitching of a binaphthol functionalized fulgide.
1.5.3.3 Chiral Spiropyrans
Hirshberg proposed that the photochromism of spiropyrans could form the basis for
photochemical memory devices.125 These photoresponsive materials have found application
as light filters in e.g. sunglasses and as optical recording media and numerous studies have
been devoted to this class of photochromic compounds.126 The photochromic (and
thermochromic) behavior is due to the interconversion of the closed spiropyran form and the











Scheme 1.15 A chiral optical switch based on a spiropyran.
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UV irradiation leads to the open form that reverts to the closed form either thermally or by
irradiation with visible light. The spiro-carbon atom is a stereogenic center in the spiropyrans
but as a consequence of the achiral nature of the merocyanine form the photochromic process
will always lead to racemization. When an additional chiral substituent was present,
diastereoisomers of spiropyrans could be isolated but rapid epimerization of the spiropyran
moiety occurred.127 By the introduction of a stereogenic center at the 3-position, vicinal to the
spiro-carbon in 1.17, photochemical switching of optical activity was accomplished (Scheme
1.15).128 Upon irradiation with UV (254 nm) and visible light (>530 nm), a diastereomeric
ratio of 1.6 : 1.0 was found with a change in CD absorption as monitored at 250 nm. A
temperature dependent CD was observed which was attributed to an inversion of the
diastereomeric composition at low temperatures. Such effects might be exploited in dual-
mode chiral response systems but in general these thermal effects will interfere with the
actual switching and especially the read-out of these systems. Also a photochromic transition
metal complex, based on η6-spirobenzopyran tricarbonyl chromium,129 and a failed attempt to
form liquid crystalline chiral spiropyran have been reported.130 A lot of chiral super- and
supramolecular systems that employ spiropyran switches have been described where matrix
effects are controlled in, for example, bilayer membranes,131 PVC membranes,132 micelles,133
bilayers of clay,134 photochromic polymers135 and polymer liquid crystals.136
1.5.3.4 Chiral Azobenzenes
Azobenzenes are perhaps the most extensively studied molecular switches.137 The switching
process is based on a simple cis-trans isomerization of a nitrogen-nitrogen double bond. Most
known examples are achiral and suffer from the low thermal stability of the energetically less
favorable cis-isomer, leading to thermal isomerization back to the trans-state. Examples of
chiral azobenzene-based systems are generally low molecular weight,138 polymer liquid
crystalline139 or polymeric systems140 where the chirality is either in the host material or in
the polymeric backbone. Some examples will be given in Chapter 3. These examples
generally employ the relatively large geometrical change of the molecule upon isomerization
to influence the chiral surroundings. This is especially apparent in liquid crystalline
surroundings where the elongated rod-like trans-isomers show high compatibility and
isomerization to the bend cis-isomers generally has a dramatic effect on the packing of the
(chiral) liquid crystal.
Of the large number of chiral azobenzene systems most chiral examples do not show
dramatic changes in the molecular chirality since the cis-trans isomerization of the
azobenzene unit is not associated with an intrinsic change in chirality. An example, studied in
cooperation with Rosini et al.,141 where switching of an azobenzene unit has a substantial
effect on the chirality, is shown in Scheme 1.16. Again, the changes are particularly reflected
in major changes in liquid crystalline surroundings. The system involves an azobenzene
substituted binaphthol compound 1.18 in a liquid crystalline film. The switching selectivity is
relatively low in chloroform solution. Upon 402 nm irradiation, which was determined the
ideal wavelength for selective trans to cis isomerization, a photostationary state was found
with 29% trans-trans-1.18, 49% trans-cis-1.18, and 22% cis-cis-1.18. Less than 47% of all
photoswitchable azobenzene moieties had switched from cis to trans. Back isomerization
employing 466 nm light resulted in 56% of trans-trans-1.18, with still 40% trans-cis-1.18
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and 4% cis-cis-1.18 present. Despite this low selectivity, starting from the thermally stable
trans-trans-isomer 1.18, doped in a nematic liquid crystal E7 in 3 weight%, switching of
either one or two of the azobenzene units at 402 nm resulted in a reversal of the handedness































 A binaphthol-based chiral azobenzene switch.
Although in this case the intrinsic chirality of the binaphthol structure remains unchanged,
apparently the steric demands of either trans-cis-1.18 or cis-cis-1.18 (present in respectively
52 and 14% at the photostationary state) result in a change in the dihedral angle of the
binaphthol part, at least in liquid crystalline surroundings. This was substantiated by the
absence of these effects in a bridged system where the flexibility of the binaphthol-moiety
was considerably decreased. Although thermal stability of this type of switches remains a
problem, the thermal back reaction might sometimes be exploited advantageously. In the
above system, for example, photochemical cis to trans isomerization at 466 nm only results
in 59% of the trans-trans-1.18, where by simply heating the system full reversal to this
isomer takes place. Azobenzenes have been successfully exploited to photochemically
modify organization in monolayers and thin films,142 aggregation and solubility,143 nonlinear
optical behavior,144 and conformation of a cyclic peptide,145 but also to construct
photoresponsive amphiphiles146 and membranes.147
1.5.4 Functional Molecular Switches
A molecular switch itself constitutes a molecular equivalent of a macroscopic switch that can
be used to trigger a function or event. Throughout the text the application of molecular
switches as triggers for liquid crystalline phase transitions was illustrated. Other macroscopic
effects (functions) that can be switched include, for example, polymer chirality, either
employing doped or covalently attached switching units, or using polymer systems that are
inherently photochromic.148 The switching of organic gels or the control of viscosity
employing photoresponsive gelators comprises other interesting functions.149 All the
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examples show the photocontrol of macroscopic material properties employing
photoswitchable functions like the ones described above.
Molecular multifunctional systems form an interesting class of compounds that widen the
scope of molecular switches in general. Next to the actual switching function, a lot of
different functions can be envisioned. Due to the multifunctional nature of these
photochromic systems the change in chirality triggers the modulation of a particular function
such as molecular recognition, fluorescence or motion. In most cases this is the result of a
change in the geometry or electronic properties of the system. From the opposite point of
view, another important feature that can be introduced in multifunctional switch systems is
gated response where a second stimulus is necessary for the actual switching process.150 Not
only is this important in data storage systems as a way to block the written information but
one can also envision logic applications for these multifunctional systems. Chiroptical
molecular switch 1.13, for instance, proved to combine the possibility of photoswitching of
luminescence and gated response by acid-base stimuli as will be discussed in the next
chapter.
Photoresponsive host-guest systems based on azobenzene-substituted crown ethers have been
shown to be particularly effective in the control of molecular recognition by light, 151 due to
the large geometrical changes upon trans to cis isomerization.152 An azobenzene system was
already employed in an approach towards photocontrol of chiral recognition in a
membrane.153 A number of other photoactive receptor systems have been developed in recent
years. These include: a diarylethylene switch functionalized with two arylboronic acid
moieties for saccharide binding,154 photochromic nitro-spiropyrans bearing arylboronic acid
groups that allow photochemical control of the binding of sugars and diols,155 and a
photobistable fulgimide modified with the pyranoside binding protein concanavalin which
allows photochemically induced changes in association constants of α-D-
mannopyranoside.156 The inclusion complexation of spiropyrans in cyclodextrins has also
been explored as a means to control the photochromic reaction.157 Results so far confirmed
the notion that the control of such complex functions is difficult to achieve and the efficiency
falls behind that of biological control elements.158 Important to mention here, Willner et al.
have reported a number of very elegant examples of biomimetic switches, photoswitchable
biomaterials and optobioelectronics, where functions such a recognition, catalysis and
transport can be controlled.159
1.6 Controlling Molecular Motion
Another important function that can be controlled by light is molecular motion. Controlled
movement of a system, especially controlled (unidirectional) rotation is essential for the
development of nanomechanical devices. A large number of macroscopic devices make use
of rotation behavior, think for example of car or jet engines or even something as simple as a
can opener. In developing machinery on a molecular scale, which has to function as
molecular equivalent of these macroscopic entities, full control of movement and especially
unidirectional rotation is essential. Although discussions on whether this type of molecular
systems will lead to nano-equivalents of cars or robots that will eventually be developed and
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function as macroscopic devices, nowadays lies in between actual science and science fiction.
The research on controlled motion on a molecular level is extremely challenging. In these
nanotechnological pursuits for true molecular devices, a variety of different functions have to
be addressed on a molecular level.160 Next to molecular switches, molecular brakes,161
gears,162 turnstiles163 and muscles164 have, for example, been developed over the years. All
are examples of control over molecular action that is molecular geometry or molecular
movement.
1.6.1 Controlled Molecular Translation
Other examples of the control of molecular movement involve molecular machines based on
redox-driven metal ion translocation165 and molecular shuttles based on linear pseudo-
rotaxane or rotaxane or cyclic catenane systems, which have been extensively studied and
reviewed.166 In the linear cases direction of movement is fully controlled by acid/base or
redox stimuli and in principle could be extended to a full control of rotational movement in
case of catenane-based systems, which work under the same stimuli. In the known examples
however, although there is full control over the position of one of the components of the
catenane where there are two defined stages (stations) in the molecule there is no control on
directionality. The absence of control over the direction of rotation can be assigned to an
absence of chirality in all known systems. A way to circumvent these problems is
introduction of chiral centers in the catenane system making the competing pathways
between the stations diastereomeric. Another approach might be the introduction of a third
station which independent of its nature results in a chiral catenane. The main requirement
here is to discriminate between three or more different interaction between -to use the same
vocabulary- the train and the stations. For a detailed discussion on the enormous variety of
these molecular shuttles, the reader is referred to the different reviews and references
therein.166,167 Important to not, though, is that the developed catenane- and rotaxane-based
systems are close to real nanotechnological application. A solid state, electronically
addressable single monolayer of [2]catenane in a molecular switching device was described
for example.168 Two recently reported systems that should be mentioned here are
pseudorotaxane-based systems that function as solid-state supramolecular machines.169 One
of the systems is physically trapped in a rigid nanoporous optically transparent matrix; the
other is tethered onto the surface of a silica film.
1.6.2 Controlled Molecular Rotation
The major objective in designing a molecular motor is to generate controlled rotary motion,
different from random Brownian thermal motions present in every molecular system.
Although one might argue on the true definition of the term motor, in current
nanotechnological pursuits towards these types of systems and also in this thesis, a motor is
defined as a device that can convert any form of energy into controlled motion. This
controlled motion should eventually be translated into any kind of work. Although driving
some other function is theoretically possible in most existing molecular systems, this has not
yet been fully established in most cases. In Chapter 6 of this thesis an example is given where
controlled motion is used to drive a cholesteric liquid crystalline phase transition.
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A key element in any macroscopic motor is the consumption of energy in the process of
controlling motion. If control of the direction of a full rotary motion in a molecular type
motor can be realized, a basic requirement for the construction of functioning molecular
machines might be fulfilled. In some primitive examples two rotational motions within a
molecule are coupled due to steric hindrance170 and the concept of such so-called molecular
propellers was further exploited to develop the first molecular gear171 and later more
advanced geared systems162 and a molecular turnstile.163 In these systems, no control on the
speed or direction of rotation is exerted, however. Rather these are examples of conformation
interconversions that result in hindered rotation around a single bond. In the chiroptical
molecular switches described above the actual switching process already involves a near 180°
rotation around the central olefinic bond. This movement at itself is unidirectional since
irradiation with a certain wavelength of light results in a preferred movement of one half of
the molecule relative to the other and the direction is fully controlled by the chiral helical
shape of the initial state of the molecule. Of course, this is not a full rotational motion.
An approach towards a functional switch system where rotational motion can be controlled
involves the control of the rotation around a single bond in a photoswitchable molecule
modified with a biaryl type rotor developed by A. Schoevaars (Scheme 1.17).172 Here, the
sterically overcrowded alkene structure, which already proved to be efficient in switching
between two pseudoenantiomers was functionalized with a xylyl-moiety as a potential rotor.
Photoisomerization between the cis-1.19 and trans-1.19 forms should cause a distinct
difference in rotation rate for the biaryl rotation because steric hindrance on the rotor is
completely different for the two pseudoenantiomers. Dynamic NMR studies revealed barriers
for the biaryl rotation of ∆Gk = 4.54 and 4.71 kJ mol-1 for the cis- and trans-isomers,
respectively. In contrast with expectation, but in agreement with semi-empirical calculations,
the barrier for the trans-compound was higher than for the cis-compound. The observed
isomerizations were attributed to distinct differences in the chiral conformations and steric
effects associated with folding in the molecules. Particularly, the methyl-groups of the xylyl
rotor meet severe steric hindrance of the CH2 groups of the upper half in trans-1.19, whereas
the nearly planar naphthalene moiety in cis-1.19 simply bends away during the rotary
process. The example suffers from a small difference in energy barriers and inefficient
photoswitching. Furthermore, there is no control over the direction of rotation, a conditio sine







 Controlled intramolecular rotation in a chiroptical molecular switch.
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1.6.3 Unidirectional Rotation in Nature
The fascinating molecular motors in various biological systems offer a great source of
inspiration for research on the control of translational and rotary motion at the molecular
level. Inspired by the intriguing linear kinesin, myosin,173 and RNA polymerase motors174 in
living organisms, the above-mentioned interlocked systems like catenanes and rotaxanes have
been designed.175 Besides the bacterial flagellum rotor with a size of about 100 protein
molecules,176 also F1-ATPase functions as a true molecular motor where ATP is synthesized
in a catalytic cycle, which is coupled to a rotary motion.177 F1-ATPase, or ATP synthase
consists of a motor of approximately 1 nm radius (called the γ-subunit (Figure 1.4)) which is
embedded in a stator part consisting of alternate α and β subunits. In living organisms, this F1
part is connected to the membrane-embedded proton-conducting unit F0 whereby in a rotary
motion proton flow over the membrane is coupled to the synthesis of ATP from ADP + P.
The F1-ATPase itself is already a unidirectionally rotating motor as was shown by a very
illustrative example of direct observation of the rotational movement. In order to visualize the
rotation process a fluorescent actin filament was covalently attached to the γ-subunit of F1-
ATPase, which was itself connected to a surface via a His-tag (Figure 1.4).178 By direct
fluorescent measurement it was established that all the rotors rotated in a clockwise fashion
when observed from the static part.
Figure 1.4 Unidirectional rotation of the F1-ATPase motor shown by a fluorescent actin
filament.
These sophisticated examples of supramolecular (bio)motors and especially the inspiring
direct observation of rotation are a major incentive for the development of artificial
unidirectionally rotating molecular counterparts. A molecular unidirectionally rotating system
would be one of the prominent members of nanotechnology's toolbox. Two different
unidirectionally rotating molecular motors have thus far been developed, based on a
chemically and a photochemically driven system.
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1.6.4 Chemically Driven Unidirectional Molecular Rotation
Kelly et al. showed that unidirectional rotary motion is possible on a molecular scale by
sequential chemical conversions. The system is based on their efforts to develop a molecular
ratchet, where the rotation of a trypticene-based wheel was sterically hindered by a bend
pawl.179 When the trypticene wheel is functionalized with an amino-substituent and a
[4]helicene with a pending alcohol functionality serves as a pawl a unidirectional 120°
rotation is possible which is fueled by phosgene and controlled by the intrinsic chirality of the
compound 1.20.180 This rotation involves 5 consecutive steps; a) phosgene fueled isocyanate
formation, b) slight rotation, c) urethane formation, d) rotation involving an energy barrier in























Scheme 1.18 A chemically driven unidirectional motor allowing 120° rotation.
Although this is the first and up to now the only example of a chemically driven
unidirectional rotating molecule, there are some major drawbacks to this system. First of all,
the rotary motion still only leads to a third of a full unidirectional rotation. Second, two
separate stimuli are needed to continue the process and even if extrapolation to full rotation
would be possible then six stimuli are needed, which cannot be introduced simultaneously
due to their competing reactivity. A third drawback for any real application is the use of the
extremely poisonous phosgene as a fuel. Although for any real application these drawbacks
should be overcome, the system proves the principle that unidirectional rotation can be
accomplished in a molecular system solely by controlling the its chirality.
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1.6.5 Light-Driven Unidirectional Rotation
In our group, following extensive study on the thermal and photochemical isomerization
processes of biphenanthrylidenes,181 it was demonstrated that the intrinsic chirality associated
with chiroptical molecular switches can be used to accomplish unidirectional rotary
motion.182,183 In this case light can be used as a fuel since the process involves isomerization
similar to the ones discussed above. With sterically overcrowded alkene (3R,3’R)-(P,P)-
trans-1,1’,2,2’,3,3’,4,4’-octahydro-3,3’-dimethyl-4,4’-biphenanthrylidene 1.21, where the
two methyl-substituents due to steric effects adopt an energetically favored axial orientation,
it is possible to achieve unidirectional rotation by combining two energetically uphill
photochemically induced isomerization steps with two energetically down-hill helix
inversions. In this way, a full light driven 360° rotation of one (rotor) half of the molecule















 Light-driven unidirectional molecular motor
The control elements that govern the unidirectional rotation are the helicity of the
overcrowded alkene, the absolute configuration of the stereogenic centers185 and the
conformational flexibility of the rings in the vicinity the central olefinic bond. The driving
forces in this rotary process are the photoinduced isomerizations, where by the nature of the
process in both cases the methyl-substituents are forced to adopt an energetically unfavorable
equatorial orientation. Helix inversion releases the energy in a unidirectional process to form
the stable isomers with axial methyl groups again. The direction of this rotation is controlled
solely by the configuration at the stereogenic centers. This first example of a unidirectional
molecular motor, by the definition given above, allows controlled and repetitive 360°
rotation. Drawbacks are the thermal energy required for helix inversion in case of the trans-
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isomer and the relatively high-energy irradiation used whereas the difficult functionalization
of this system makes it hard to tune its properties for future applications. This system and its
use in liquid crystalline technology is the subject of Chapters 5 and 6. Improved systems have
already been developed in our group and are named second-generation motors.186 The basic
concept as well as an important member of this generation is the subject of Chapter 7.
1.7 Future Prospects and Contents of This Thesis
The different systems described here show that various methods and molecular structures can
be used to control molecular chirality in irreversible formation of chiral compounds but also
in a reversible way by using chiral molecular switches. Chiroptical molecular switches were
shown to be prominent members of the family of photochromic materials. With these
systems, full control of chirality can be exerted in a reversible manner between enantiomers
using circularly polarized light or between pseudoenantiomers using different wavelengths of
light. This control of molecular chirality and eventually supramolecular and supermolecular
chirality will be the subject of the next three chapters. Although considerable and successful
efforts have already been made towards the improvement of the switching efficiency of these
types of systems there is still considerable room for improvement. This calls for a more
detailed knowledge on the photophysical processes involved. Starting from the successful
donor-acceptor substituted chiroptical molecular switch, other donor-acceptor compounds as
well as simplified donor-only and acceptor-only systems have been synthesized. The research
involving the photophysics as well as the synthesis of this type of material is the subject of
Chapter 2 of this thesis.
A major requirement for the systems mentioned to be useful in actual future application is the
ability to retain or even improve their function in supra- or super-molecular systems or
systems of larger dimension. Especially for light-driven systems where addressing a single
molecule is theoretically limited because of the spatial limitation of light this is of extreme
importance. Creating supramolecular functional systems should also improve processability
of these materials. On our way towards this goal, the behavior of the donor-acceptor
substituted switches was investigated in liquid crystalline matrices. Liquid crystals, which are
already applied in electronic technologies, have the ability to host molecular guests and to
amplify their chiral properties, making them extremely suitable as supramolecular host for
chiroptical molecular systems. This approach is discussed in Chapter 3. With chiroptical
molecular switching it is also possible to use chiral liquid crystalline hosts that are already
known to form colored liquid crystalline phases. The study of the effects of chiroptical
switching on a colored chiral LC host that in addition also has a possibility of locking the
liquid crystal orientation by photopolymerization is the subject of Chapter 4.
Chapter 5 focuses on the control of molecular rotary motion in sterically overcrowded
alkenes. In the light of the research on chiroptical molecular switches the extension towards
chiral molecular motors will be demonstrated. First, a new donor-acceptor substituted
sterically overcrowded alkene will be introduced. This system, apart from the intrinsic helical
structure, incorporates a second chiral unit in the form of an enantiomerically pure
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pyrrolidine derivative. The different aspects arising from this additional stereogenic center on
the resolution, photochemistry, and relative stability are discussed. The remaining of the
chapter focuses on the first-generation molecular motor, which was already introduced in this
chapter. Here, an additional stereogenic center extends the possibility of a biphenanthrylidene
sterically overcrowded alkene from chiroptical switching to unidirectional rotation.
Chapter 6 deals with this light-driven unidirectional molecular motor in liquid crystalline
matrices. The motor structure shows unexpected properties in liquid crystalline materials,
which also for rotating molecular systems might form an ideal host. In Chapter 6 a first
example is given where molecular rotation results in a macroscopic change in material
properties of the bulk liquid crystalline matrix. As stated the molecular motor developed was
actually only a prototype of the system that might eventually reach application. In Chapter 7
an improved type of motor is introduced in which major drawbacks, i.e. high thermal barriers,
high-energy irradiation and difficult functionalization are reduced. The design, synthesis and
properties of a donor-acceptor substituted member of the so-called second-generation motor
are discussed.
Chapter 8 deals with control of molecular chirality again but now in a completely different
definition of control. Where the chapters 2 to 4 deal with control in the sense of mastering a
chiral molecular structure, i.e. to exert control, here the major problem to be addressed is how
to test or examine molecular chirality by experiment. As was briefly mentioned in this
introductory chapter, especially in combinatorial approaches a direct test of molecular
chirality will be essential. A liquid crystal-based method to assess chirality, which has
evolved from the research on the application of switch, and motor, systems in liquid
crystalline matrices has been developed. This method provides a simple color test for the
enantiomeric excess of simple organic compounds.
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